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Highlights:
	β-defensins are natural antimicrobial peptides, present in many species
	β-defensins play important immunoregulatory roles
	β-defensins bind to viral coat, influence infectivity and survival rates
	β-defensins can be used as a vaccine adjuvants and therapeutic agents
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Antimicrobial peptides are conserved in evolution and produced by many species, including humans. These incredible proteins are not only able to directly inhibit many bacteria, viruses and fungi but also show important roles in the modulation of the immunological response. Moreover, they pose a low risk of triggering microbial resistance (Zhang and Sunkara, 2014). The natural occurrence of these proteins in mucosal liquid has a strong influence on host protection, as they are an essential component of the primary immune defense in the lungs (LeMessurier et al., 2016). These features make them extremely interesting candidates for therapeutic agents and vaccine adjuvants. Although reviews on the antimicrobial potential of host defense peptides have previously been published (Hsieh and Hartshorn, 2016; Mattar et al., 2016; Zhang and Sunkara, 2014), their significance as immunomodulating agents and enhancers of vaccine efficacy remains underestimated. Herein, we focus on reports related to influenza infection and vaccination and discuss the potential role of defensins in defense against influenza virus and their prospective application as vaccine adjuvants.

2.	Defensins
Defensins are short, cationic peptides produced by vertebrates, invertebrates and plants. They contain 6 to 8 (in vertebrates) highly conserved cysteine residues that form intramolecular disulphide bonds and are assumed to possess a conserved structural fold (Mattar et al., 2016). Vertebrate defensins are classified as α-, β- and θ-defensins. The β-defensins consist of 38–42 amino acids, contain a conserved pattern of 6 cysteins with pairing 1–5, 2–4 and 3–6 (Sugiarto and Yu, 2004). The α-defensins are shorter than the β-defensins and have different Cys pairings; however, their folding remains similar (Ganz, 2003). The α-defensins are found exclusively in mammals. The θ-defensins probably evolved in primates, although in humans they acquired mutations resulting in a premature stop codon. Avian β-defensins were initially named gallinacins; however, independent reports by Lynn et al. (2004) and Xiao et al. (2004) demonstrated inconsistent numeration resulting in the termination of that moniker (Lynn et al., 2007). Additionally, β-defensin-related molecules called ovo defensins were found in birds (Zhang and Sunkara, 2014). Even though 6 cysteines in the C-terminal mature region form a disulfide bonding pattern identical to β-defensins, the cysteine spacing patterns in the primary structures of ovo defensins are different. 

3.	Functions of β-defensins
Depending on the cell type and the modulated process, β-defensins display many functions (Figure 1). They overlap functionally with chemokines and bind to their receptors (Yang et al., 2002), thus causing chemoattraction of various cells such as macrophages, monocytes, T cells, mast cells, neutrophils, immature dendritic cells and fibroblasts (Sugiarto and Yu, 2004; Kohlgraf et al., 2010). In addition, these types of cells are influenced by β-defensins in numerous ways. For example, they can activate macrophages (Barabas et al., 2013), enhance phagocytosis of macrophages (Kohlgraf et al., 2010) and increase neutrophil uptake (Tecle et al., 2007), regulate macrophages during chronic inflammation (Sugiarto and Yu, 2004), provoke mast cell degranulation (Sugiarto and Yu, 2004; Kohlgraf et al., 2010) and regulate maturation (Byragin et al., 2002) and differentiation (Zhang and Sunkara, 2014) of dendritic cells. Moreover, one of the β-defensins was proven to activate professional antigen presenting cells via toll-like receptors (TLR-1 and TLR-2) (Funderburg et al., 2007). They also induce or suppress the production of cytokines and chemokines depending on the antigen (Kohlgraf et al., 2010). Furthermore, they regulate the complement system; inhibit production of glucocorticoids, certain proteases, fibrinolyses and TNF-α production to inhibit tissue injuries, and prevent bacteria spreading, inflammation and septic shock (Sugiarto and Yu, 2004; Kohlgraf et al., 2010). In addition, they can also cause induction of angiogenesis (Zhang and Sunkara, 2014).
Β-defensins are able to bind microorganisms and their components, which attenuates the proinflammatory cytokine response and simultaneously enhances antigen-specific antibody responses (Kohlgraf et al., 2010; Zhang and Sunkara, 2014). Moreover, they are able to directly kill microorganisms through disintegration of their membrane (Sugiarto and Yu, 2004; Yang et al., 2002). Particular defensins differ in their abilities to bind various antigens (Doss et al., 2009) and cause an immune system response; however, their function overlaps with some chemokines and other antimicrobial peptides such as cathelicidins (Niyonsaba et al., 2002; Yang et al., 1999). For that reason, knockouts of any single defensin gene may not result in a clear-cut phenotype. The avian β-defensin 13 and the mouse β-defensin 2 serve as endogenous TLR4 ligands but the former upregulates co-stimulatory molecules and the latter downregulates TLR4 expression (Yang et al., 2010; Byragin et al., 2002). Interestingly, improper expression of β-defensins is associated with colonic Crohn’s disease (Gersemann et al., 2012).
4.	Antiviral potential of β-defensins
Antiviral potential of β-defensins differ from one peptide to another (Mattar et al., 2016). Perhaps it is the reflection of their unique features or different mechanisms of antiviral action. Sequences of the β-defensins described below are shown in Figure 2. The available crystal structures of various β-defensins indicate the tendency to form monodimers (eg HBD-1, HBD-2 and HBD-3) and higher-order oligomers like octamers (Suresh and Verma, 2006). Dimerization is not energetically favored for a select groups (e.g. sheep, goat and mouse defensins), suggesting that they function efficiently as monomers (Suresh and Verma, 2006).

4.1 Anti-influenza activity of human β-defensins
The anti-influenza activity has been reported for three human β-defensins. The neutralizing activity of HBD-1 and HBD-2 against A/H3N2/1982 was demonstrated in Madin-Darby Canine Kidney (MDCK) cells (Doss et al., 2009). Both defensins significantly reduced the infectivity of the influenza virus compared with the control (p<0.05) at all tested concentrations. Human β-defensins do not bind significantly to the surfactant protein D (thus they do not reduce its antiviral activity), which is the most potent collectin for inhibiting influenza A viruses (IAV), and it opsonizes viral hemagglutinin (HA) and neuraminidase in a calcium-dependent manner (Doss et al., 2009). HBD-2 slightly (but statistically significantly) increased IAV uptake by neutrophils (Tecle et al., 2007). This feature might be advantageous when considering use of these peptides for the anti-viral therapy in lungs. In turn, the human β-defensin 3 (HBD-3) has blocked viral fusion by creating a protective barricade of immobilized surface proteins (Leikina et al., 2005).
Human β-defensins are less potent than α-defensins in direct inhibition of influenza viruses; however, it is possible that β-defensins play an important immunomodulatory role (Hsieh and Hartshorn, 2016). Human β-defensin 1 (HBD-1) is constitutively expressed in low amounts by peripheral blood mononuclear cells (PBMC). Its expression rate in PBMC increases after stimulation with A/H1N1/PR/08/1934 (PR8) influenza virus; however the fold-change depends on the individual (Ryan et al., 2011). Stimulation of plasmacytoid dendritic cells (pDC) and monocytes with influenza virus also increases the expression rate of HBD-1; however, such stimulation of normal human bronchial epithelial cells results in decreased expression of this antimicrobial peptide (Ryan et al., 2011). The expression of human β-defensin 2 (HBD-2) increases upon stimulation of numerous cell types with proinflammatory cytokines (Krisanaprakornkit et al., 2000; Lehmann et al., 2002; McDermott et al., 2003).

4.2 Anti-influenzal activity of mice β-defensins
The anti-influenza activity of mice β-defensins was investigated by several research groups (Table 1). The mouse β-defensin 1 (MBD-1) has been proven to be a functional homolog of HBD-1 (Morrison et al., 1998). Infection of mice pDC with influenza A virus increased the expression rate of MBD-1 (Ryan et al., 2011). Moreover, mice lacking MBD-1 had more severe lung inflammation, lost weight earlier and died sooner than wild type when infected with IAV, although viral titers were not different (Ryan et al., 2011).
Mice infected with influenza virus PR8 showed increased expression of β-defensin 3 (MBD-3) in the lungs and trachea (Jiang et al., 2009). Treatment of those animals with the plasmid containing MBD-3 increased their survival from 0% to 71% during challenge. Enhanced expression of MBD-3 and MBD-4 after infection of mice with the same virus was reported simultaneously with upregulation of MBD-1, MBD-2, MBD-3 and MBD-4 after infection of mice with A/Hong Kong/8/68, H3N2 influenza virus (Chong et al., 2008). Mice treated with recombinant MBD-3 (rMBD-3) 12 hours after influenza infection showed decreased viral load and increased survival (Jiang et al, 2012). Significance of rMBD-3 in the protection of cells against influenza virus was also shown in vitro, using MDCK cells. Recombinant MBD-3 decreased viral titer when added to MDCK cells no later than influenza entry stage. Interestingly, recombinant mouse β-defensin 2 (rMBD-2) increased survival of PR8 infected mice both as pretreatment and postinfection treatment; however, the protection rate in the latter case was lower (70% vs 30%). Similarly to rMBD-3, rMBD-2 prevented influenza infection by inhibiting viral entry (Gong et al., 2010).
Eukaryotic expression vectors containing MBD-1, MBD-3 or their fusion genes increased survival during challenge with PR8 from 0% to 70% and 70% to 100%, respectively (Li et al., 2014).
Interesting studies on mouse β-defensin 4 (MBD-4) demonstrated that the kinetics of its expression differ in response to various influenza strains (LeMessurier et al., 2016). Moreover, this peptide reduced infectivity of A/H1N1/CA/04/2009, but not PR8 virus strain. Macrophage and dendritic cell populations in bronchoalveolar lavage and lungs were altered differently when infection with previously mentioned viruses was combined with MBD-4 treatment. Additionally, the synthetic (sMBD-4) and the recombinant (rMBD-4) MBD-4 derivatives decreased infection rate of mice with the mouse adapted A/H1N1/HongKong/415742Md/2009 strain (Zhao et al., 2016). These authors demonstrated also that one of such derivatives, termed P9: (i) reduce in vitro infectivity of A/H3N2/HongKong/8/68, A/H5N1/Vietnam/1194/2004, A/H7N7/Netherlands/219/2003 and A/H7N9/Anhui/1/2003 viruses, (ii) bind viral hemagglutinin (HA) and (iii) increase survival rates of mice infected with three different virus strains (A/H5N1/Vietnam/1194/2004, A/H7N9/Anhui/1/2003 and mouse adapted A/H1N1/HongKong/415742Md/2009) (Zhao et al., 2016). 

4.3 Chicken β-defensins and influenza
Chicken trachea-derived cells increased expression of avian β-defensins 1–11 (CBD-1–11) significantly within 24 hours post infection (hpi) with the A/H1N1/NWS/33 virus (Jang et al., 2015). Chicken embryo fibroblasts infected with TROVAC-AIV H5 (a recombinant fowlpox virus vector that expresses avian influenza virus HA antigen derived from the A/H5N8/turkey/Ireland/1378/83 isolate) showed upregulated expression of CBD-4 and CBD-6 at 6 and 12 hpi time points and downregulated expression of both peptides at 24 and 48 hpi (Hghihghi et al., 2010). Recently, we confirmed upregulation of selected avian β-defensins in spleens of chickens vaccinated with subunit influenza vaccine (Kalenik and Sirko, data not published/submitted). Interestingly, chicken β-defensin 13 (CBD-13) has been shown to activate murine PBMC as well (Yang et al., 2010), although the mechanism is unclear because according to our knowledge the chicken CBD-13 has no apparent murine homologue.

5.	β-defensins as vaccine adjuvants
β-defensins have been shown to exhibit strong adjuvant potential (Sarfraz et al., 2017). Decision about inflammation or tolerance depends mainly on the cytokine environment and the presence of mature dendritic cells (DC). Murine β-defensin-2 (MBD-2) induces maturation of dendritic cells (Cervantes-Villagrana et al., 2013) which promotes inflammation and increases probability of successful responses to vaccination. DNA vaccine with gene encoding MBD-2 fused to gene encoding alternative tuberculosis antigen candidates increased the antigenic properties of the former in mice by induction of dendritic cell maturation through the TLR-4 receptor. HBD-3 can induce maturation and T helper type 1 cells, skewing the function in human Langerhans cell-like dendritic cells, which induce strong proliferation of the naive human T cells and T cell IFN-γ secretion. HBD-3 also induces phenotypic maturation of primary human skin migratory DCs. These results suggest an important role for HBD-3 in activation and migration of DCs (Ferris et al., 2013).
Moreover, studies with HBD-2 and HBD-3 demonstrated that these peptides increase DNA uptake by pDC and inflammation (Tewary et al., 2013), which make them interesting candidates for DNA vaccine adjuvants. Administration of HBD-3/CpG complexes induced proinflammatory cytokines and immunization of HBD-3/CpG complexes with ovalbumin (OVA) and enhanced both cellular and humoral responses to OVA, compared with OVA/HBD3 or OVA/CpG alone. Similarly, a DNA vaccine in which MBD-2 or MBD-3 was fused to non-immunogenic lymphoma epitopes induced both humoral and cellular responses when unfused DNA molecules failed to induce such a response (Biragyn et al., 2001).
Avian β-defensin 1 (AvBD-1), avian β-defensin 2 (AvBD-2), bovine neutrophil β-defensin 3 and zebrafish β-defensin 2 have shown the efficacy of an adjuvant in vaccines for viruses different than influenza, such as infectious bursal disease virus (Zhang et al., 2010), inclusion body hepatitis virus (Dar et al., 2015; Sarfraz et al., 2017), bovine herpesvirus 1 (Mackenzie-Dyck et al., 2014; Mackenzie-Dyck et al., 2015) and spring viraemia of carp virus (García-Valtanen et al., 2014).

5.1 β-defensins as influenza vaccine adjuvants
To our knowledge only one group reported usage of β-defensin as an adjuvant in an influenza vaccine. MBD-2 enhanced immunogenicity of an adenovirus-based H5N1 influenza vaccine at an early time post-immunization and in aged mice (Vemula et al., 2013a; Vemula et al., 2013b). 

6.	β-defensins as therapeutics
Naturally occurring β-defensins are interesting as potential immunomodulating agents, because some of them increase pathogen clearance without boosting inflammation (Zhang and Sunkara, 2014) and other promote inflammation (Cervantes-Villagrana et al., 2013; Tewary et al., 2013). 
Although recombinant expression of β-defensins has been achieved (Ma et al., 2008), this procedure is costly, especially when the short half-life of most natural peptides in vivo is taken into account (Zhang and Sunkara, 2014). An interesting, cost-effective way of increasing the efficiency of β-defensins may be to enhance their production by the host through dietary stimulation. Such a promising effect has been reported for HBD-2 production by dietary sulforaphane in intestinal epithelial cells (Schwab et al., 2008). A far more extensive response was observed in chickens fed with butyrate (Sunkara et al., 2011); however, the response varied depending on the particular peptide and the screened tissues. Moreover, further research demonstrated synergic effects of butyrate with cyclic AMP in this model organism (Sunkara et al., 2014) and synergic effects of butyrate with acetate and propionate in chicken cells (Sunkara et al., 2012). Furthermore, the promoter of the HBD-2 gene contains vitamin D response elements that mediate 1,25(OH)2D3-dependent gene expression (Wang et al, 2004). Vitamin-induced expression of HBD-2 in many human cell types and expression of HBD-3 in human keratocytes is dose-dependent in manner (Dai et al., 2010). Expression of HBD-2 was also increased after stimulation of cells with a number of different factors (Schauber et al., 2006). Expression of β-defensin genes can be also stimulated by isoleucine (Fehlbaum et al., 2000). Further research is needed to discover full therapeutic potential of β-defensins.
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Table 1. Mice β-defensins with reported anti-influenza activity.
β-defensin name	Assay conditions	Activity	Influenza virus strain	Source
MBD-1	In vivo (knockout mice compared to WT )	Decrease inflammatory influx in the lungs, increase time of survival and prolongs time with higher body weight	Mouse adapted A/H5N1/Chinese pond heron/HK/18/2005	Ryan et al., 2011
	Mice transfection	Increased survival rate	A/H1N1/PR/08/1934 (PR8)	Li et al., 2014
rMBD-2	Treatment of mice	Increased survival rate	PR8	Gong et al., 2009
MBD-3	Mice transfection	Increased survival rate	PR8	Jiang et al., 2009; Li et al., 2014
rMBD-3	Treatment of cells	Inhibitionof adsorption and uptake by cells	PR8	Jiang et al., 2012
	Treatment of mice	Increased survival rate	Mouse adapted avian influenza virus sądzę, że to PR8 – komentarz B.K.	Jiang et al., 2012
MBD1-MBD3 fusion gene	Mice transfection	Increased survival rate	PR8	Li et al., 2014
MBD-4	Treatment of mice	Reduced infectivity, decreased virus titer and increased IFN-γ during infection with A/CA/04/2009, but not PR8 virus.	A/H1N1/California/04/2009 and PR8	LeMessurier et al., 2016
Synthetic MBD-4; rMBD-4;derivatives of MBD-4 (P1-P11)	In vitro	Reduced infectivity	Mouse adapted A/H1N1/HongKong/415742Md/2009 	Zhao et al., 2016
rMBD-4; P9	Treatment of mice	Increased survival rate	Mouse adapted A/H1N1/HongKong/415742Md/2009	
P9	In vitro	Reduced infectivity	A/H3N2/HongKong/8/68; A/H5N1/Vietnam/1194/2004; A/H7N7/Netherlands/219/2003; A/H7N9/Anhui/1/2003	Zhao et al., 2016
		HA binding	Mouse adapted A/H1N1/HongKong/415742Md/2009	
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